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Abstract: The increasing concern over greenhouse gas emissions, particularly CO,, has
emphasized the urgency for practical solutions to mitigate the environmental impacts of
climate change. This study assessed the technical, economic, and environmental feasibility
of producing dimethyl carbonate (DMC) through an integrated route using methanol de-
rived from biomass gasification in sugarcane-based industries. Unlike previous studies that
analyzed isolated aspects of DMC production, this research was conducted through process
modeling and simulation in Aspen Plus® V12.1, evaluating key performance indicators
such as conversion rates, product purity, capital and operating expenses, and CO, emissions.
A DMC conversion rate of 78.06% and a purity level of 96.80% were achieved. However,
the integration of methanol production increased both CAPEX and OPEX, leading to a net
present value (NPV) of R$ 36.7 million over 10 years, lower than alternative routes using
commercially available methanol. Additionally, the process resulted in a net CO, emission
of 3.41 kg CO; per kg of DMC, exceeding conventional methods. These findings suggest
that under the evaluated conditions, process integration did not offer economic advantages,
despite many environmental advantages over commercially available methanol.

Keywords: process synthesis; economic analysis; environmental analysis; dimethyl carbonate;
sugarcane industry

1. Introduction

The increase in greenhouse gas emissions, particularly carbon dioxide (CO,), has
raised growing concerns about the global environmental impacts in recent years, under-
scoring the urgency of addressing climate change. These impacts are widely observed
across various domains, including the economy and policy-making, making the search for
effective solutions to reduce greenhouse gas emissions increasingly urgent and relevant [1].
Furthermore, the effects are more pronounced in the environmental domain, with rising
CO; concentrations—largely driven by human activities such as fossil fuel combustion and
land-use changes—directly contributing to an increase in average global temperatures [2].

A promising approach to reducing CO, emissions lies in its capture, storage, and
utilization technologies [3]. This strategy mitigates emissions and offers economic op-
portunities, particularly for industries with significant CO, capture potential, such as the
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sugarcane-based ethanol industry, where CO is a byproduct of fermentation [4]. In this
context, dimethyl carbonate (DMC) production is a promising opportunity [5,6]. DMC
is a versatile chemical solvent highly valued for its molecular properties, which enable a
wide range of applications (e.g., polycarbonate production, intermediate in the synthesis of
pharmaceuticals, fuel additive, and lithium-ion batteries component, among others) [7-9].
Producing DMC from CO, offers numerous environmental advantages as it represents a
clean and safe process without generating toxic or hazardous waste. Souza et al. (2013) [10]
documented a 92% reduction in CO; emissions through this route.

This route has been extensively studied and has shown promising results from the
point of view of catalysis and their respective kinetics for CO, conversion into DMC [11-13].
Kohli et al. (2022) [10] highlight the role of catalysts in process efficiency and selectivity
under a well-done review, evaluating various catalytic systems used in direct and indirect
routes for DMC production. Compounds based on metal salts (Zn, Sn, and Ce) showed
good catalytic activity, especially in direct reactions of CO, and methanol. For example,
Zn-based catalysts achieved CO, conversions higher than 30% under optimized conditions,
highlighting their high selectivity for DMC. CeO;-based catalysts achieved up to 25%
conversions with selectivity above 90% for DMC. Zhao et al. [14] examined the catalytic
conversion of CO, and methanol into DMC using nickel acetate under near-supercritical
conditions. Under 305 K, 2 h, and 10.3 MPa conditions, the reaction achieved 100% selec-
tivity for DMC and a yield of 350% per mol of catalyst. However, the extensively studied
direct reactive pathways typically exhibit low conversions and require complex operating
conditions. Consequently, indirect synthesis presents an attractive alternative involving
two reaction steps in separate systems. Such a route demonstrates significant potential for
industrial application [15], beginning with the carbonylation of ethylene oxide (EO) with
CO;, to produce ethylene carbonate (EC). The EC then undergoes a transesterification step
with excess methanol, yielding DMC and ethylene glycol (EG) [16].

Due to the need for methanol as an intermediate in this route, the alignment of
methanol production through a route that also aims to reduce CO, emissions is necessary.
In this context, producing methanol from biomass has gained traction to enhance the
environmental benefits of this process and reduce the dependence on non-renewable
resources [17,18]. Biomass materials, such as residual bagasse from sugar and ethanol
industries, can be converted into a gas and subsequently reformed to produce synthesis
gas and methanol [19]. Initially, the biomass biodigestion process produces biogas, which
can be purified to biomethane so that the known reforming reaction can be carried out to
generate synthesis gas. An alternative to generating this gas is the biomass gasification
or pyrolysis processes [20]. However, regardless of how this gas is obtained, it can be
processed to produce a range of chemical derivatives using different routes, including
conversion to methanol [21-23].

Therefore, these two intermediates (EO and methanol) are critical for DMC production
and, when derived from waste, contribute to the process’s sustainability and circularity.
Since both can be obtained sustainably in line with green chemistry, the DMC production
process has the potential to align with global sustainability goals, particularly in coun-
tries with growing biogas production, such as Brazil, Germany, India, and China, among
others [24]. However, a significant challenge lies in predicting the behavior of this scenario
within the context of a biorefinery, where additional products may be available for process-
ing and compete for the utilization of synthesis gas. Previous studies have predominantly
examined specific aspects of DMC production, such as the techno-economic evaluation of
standalone production routes. However, research integrating methanol production from
biomass with DMC synthesis in a comprehensive process assessment remains limited.
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Considering the potential of this alternative for CO; mitigation and addressing this
gap, this study examines the indirect route for CO, reutilization by evaluating the technical,
economic, and environmental feasibility of dimethyl carbonate (DMC) production through
process modeling and simulation methodologies. The proposed approach integrates and
analyzes methanol production from syngas obtained through the gasification of residual
biomass from sugarcane-based industries, combined with CO, captured and stored by
the same facilities. This evaluation enables an analysis of how the process aligns with
economic feasibility and environmental performance considering the CO, net emission
when implemented in industrial contexts.

2. Materials and Methods

The simulation of DMC production routes and methanol synthesis from biomass
was performed and validated using the commercial software Aspen Plus® V12.1. The
sugarcane industry was considered the source of two key components for the studied
process: CO,, captured from the fermentation process and stored at low pressure, and
sugarcane bagasse, a byproduct of the milling process. As a starting point for the DMC
production route, the study by Kontou et al. (2021) [15] was used as a reference to establish
the feed conditions of the process components and the operational parameters. Similarly,
Motta et al. (2019) [19] provided the initial framework for methanol production. These
conditions were subsequently analyzed and adjusted to assess the route investigated, with
a flowsheet presented in Figure 1.

EO

Sugar and EC
Alcohol Capture and DMC‘ DMC
Inanstnes Storage Plant Production EG

Methanol Methanol

Production

Figure 1. Flowsheet of the DMC production process using CO, and sugarcane bagasse from the sugar
and alcohol industry.

Additionally, based on the references, the UNIQUAC thermodynamic model was
selected for DMC production, while the Peng—Robinson model was applied to methanol
synthesis. These models were used to predict the parameters required to describe the
vapor-liquid equilibrium present in most separation stages of the process. The proposed
design envisions a continuously operating production plant with 2200 kg-h~! of CO, and
EO feed, which also determined the required feedstock of approximately 36,500 kg-h~! of
sugarcane bagasse for methanol synthesis via gasification.

2.1. Process Simulation
2.1.1. Dimethyl Carbonate Production

As previously mentioned, the most efficient route for dimethyl carbonate (DMC)
synthesis is the indirect pathway, which involves the production of ethylene carbonate (EC)



Processes 2025, 13, 573

40f16

as an intermediate step toward obtaining DMC. Equations (1) and (2) represent the overall
reactions in this route.

CoH40 +COy — C3HyO3 AHSggx = —0.083 kJ-mol ! (1)

C3H4 03 +2CH3;0H ¢ C3HgO3 4 CoHy(OH), AHSggx = —27.5k-mol™! (2

For kinetic modeling, the first reaction was based on the study by Wang et al.
(2011) [25], which investigated a catalyst composed of potassium iodide supported on
potassium carbonate (KI-K,CO3;71). Their findings indicated that the reaction follows
second-order kinetics, with the rate law described by Equations (3) and (4). This catalyst
demonstrated high selectivity and stability over multiple cycles, making it a promising
option for continuous processes. However, its performance can be influenced by the re-
action temperature and CO; adsorption, which may lead to catalyst deactivation over
extended use.

reo = koCroCco, 3)
E,
ko = Aoe_T% 4)

For the second reaction, Fang and Xiao (2004) [26] proposed using a homogeneous
catalyst, CH3Ona, which facilitates the transesterification of ethylene carbonate (EC) with
methanol. This reaction is reversible, and Equations (5) and (6) present its corresponding
rate law. The advantage of CH3ONa lies in its high catalytic activity, but it requires
efficient separation strategies to avoid contamination of the final product. Furthermore, the
presence of water or CO; in the system can lead to catalyst deactivation, reducing overall

efficiency [26].
CegcC
rec = k1+1CecCmeoH — kqw ()
MeOH
_En _Eq
k+1 = A e RT, k. 1=A_1e ¥ (6)

In these equations, rro and rgc represent ethylene oxide (EO) and ethylene carbonate
(EC) reaction rates, respectively. Cro, Ccoz, Cec, Cpmeon, and Cpyc denote the concentra-
tions of EO, CO,, EC, methanol, ethylene glycol (EG), and DMC, respectively. R is the
universal gas constant, T is the system temperature, and ky, k.1, and k_ are the specific
reaction rate parameters. The activation energies (E) and pre-exponential factors (A) for
these parameters were obtained from the respective studies and are presented in Table 1.

Table 1. Kinetic parameters of the reactions.

Specific Speed Activation Energy (kJ-kmol—1) Pre-Exponential Factor
ko 13,060 39.7
ki 13,060 1.32466
K4 28,600 15,022

The selection of these catalysts and kinetic models was based on their efficacy in
promoting high conversion rates, their reported stability, and their industrial feasibility.
The study parameters, such as temperature, reactant concentrations, and catalyst loading,
were optimized to balance reaction kinetics and process efficiency while minimizing by-
product formation and catalyst degradation.

The synthesized process flowsheet for the simulation of this route is illustrated
in Figure 2, where the arrows indicate the process steams and blocks represent the process
equipment; the process steps will be described hereafter according to Kongpanna et al.
(2015) [27].
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Figure 2. Flowsheet of the simulation of the DMC production process by indirect synthesis.

Initial Reaction Stage: At the process’s beginning, CO, and ethylene oxide (EO) are
fed into the first plug flow reactor (R-EC) in a 1:1 molar ratio. Since the CO, is stored at low
pressure in the capture units, it must be compressed before entering the DMC production
section. The compression occurs in two stages. In the first stage (COMP1), the pressure is
raised to 10 bar, causing a simultaneous increase in temperature. At this point, the CO,
provides sufficient energy through a heat exchanger (EXC1) to bring the EO to the necessary
temperature for the reactor. The CO; is then compressed again (COMP2) to a pressure of
39.5 bar, and, via a second heat exchanger (EXC2), its temperature is adjusted to 100 °C.

The reactor (R-EC) is a single tube, 4.11 m long and 0.91 m in diameter, operating at
a constant temperature of 150 °C. The product stream from this reaction (S009) is sent to
a flash separator (SEP1) operating at 1.5 bar and 210 °C to recover unreacted CO,. The
resulting liquid stream, predominantly ethylene carbonate (EC, S011), is then directed to
the transesterification stage.

Transesterification Stage: In this stage, the EC stream is mixed with methanol and sent
to the second plug flow reactor (R-DMC). Methanol is added in excess, as recommended
by several studies, to enhance conversion rates [4,11]. The second reactor is multitubular,
with tubes 10 m long and 5 cm in diameter, maintained at a constant temperature of 30 °C.

Due to the significant presence of impurities in the outlet stream (S014), much of
this stage is dedicated to product separation and purification. Initially, the process passes
through a distillation column (SEP2) with 9 stages and a distillate-to-feed ratio of 0.84. This
column separates a mixture of DMC and methanol at the top (S015), while the bottom
stream (S016) predominantly contains ethylene glycol (EG).

The bottom stream is directed to a second distillation column (SEP3), featuring
25 stages and a reflux ratio of 2.4, which enables the complete separation of EG (S017).
Meanwhile, the top stream from the first column (S015) is sent to a third distillation column
(SEP4), equipped with 18 stages and a reflux ratio of 15. This column separates the excess
methanol from DMC, with the bottom stream (S5021) composed mainly of purified DMC
and the top stream (5020), rich in methanol, which can be recycled for use in the second
reactor or other processes.

2.1.2. Methanol Production

On the other hand, the complementary process of methanol production via biomass
gasification is initially divided into three main stages: raw material pretreatment, gasifica-
tion, and, finally, methanol synthesis. The flowchart of this process is shown in Figure 3,
where the arrows indicate the process steams and blocks represent the process equipment,
with the conditions described in detail below.

The initial biomass parameters were based on the study by Rey et al. (2021) [28],
which characterized biomass components from the combination of sugarcane bagasse and
straw. In addition, adjustments and normalizations were made to improve the accuracy
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of the feedstock simulation, representing coal as carbon in its entirety. The details of the
parameters used are described in Tables 2 and 3.

s112 <

SPLIT1
EXC3

O =8
o Reditfl
RGAS seps conips R-'-'EOH

EXC4
e @ SEP7
$107 P> ¥
%
S
b

<l
Figure 3. Flowsheet of the simulation of the methanol production process by gasification.

Table 2. Parameters of biomass analysis on a dry basis.

Moisture (wt%) Fixed Carbon (wt%) Volatile Matter (wt%)
47.078 12.615 84.973

Table 3. Biomass composition on a dry basis.

Cinzas (wt%) CWwt%) HWt%) N Wt%) ClWwt%) S Wwt%) O wt%)
2410 48.612 5.859 0.139 0.043 0.004 42.929

The process begins with introducing biomass into a conversion reactor (R-DRYER) at
373.15 K, representing the dehumidification stage, where the moisture content is reduced
based on the stoichiometric biomass—water ratio of 1:0.055. Phase separation occurs in
a representative manner using a flash separator (SEP5), directing the vapor to the upper
stream (S103) and the dried biomass to the lower stream (S5104).

In the subsequent stage, this stream is fed into a Gibbs reactor (R-DECOMP) at
1073.15 K, where calcination occurs to yield elemental fractions. The products are then
directed to the gasification reactor (R-GAS), also a Gibbs reactor, where reactions occur
in controlled steam under high pressure. The nitrogen (N), sulfur (S), and chlorine (Cl)
compounds in the biomass are converted into ammonia (NHj3), hydrogen sulfide (H,S),
and hydrochloric acid (HCI), respectively. At the same time, carbon (C) is predominantly
transformed into carbon monoxide (CO) and carbon dioxide (CO;). Phase separation is
performed using another separator (SEP6), which removes the ash via the bottom stream
(5108) and collects the purified syngas in the top stream (5109).

The third stage begins with the purified stream, which is cooled (EXC3) and com-
pressed to 2.5 MPa (COMP4) to achieve optimal conditions for the methanol production
reactor (R-MEOH), which, like the two previous ones, is a Gibbs reactor. Methanol syn-
thesis occurs through the hydrogenation of carbon oxides using specific catalysts such
as copper oxide and zinc oxide, which also promote the water—gas shift reaction. Conse-
quently, methanol is produced from carbon monoxide and carbon dioxide, as described in
Equations (7) and (8).

CO +2H, - CH30H (7)

CO, +3H, — CH30H + H,O (8)

This final reactor operates under high pressure at 493.15 K, excluding reactions involv-
ing methane (CH4) and ammonia. The output stream (5114) undergoes a pressure and
temperature reduction process, utilizing a valve and a heat exchanger before being intro-
duced into a flash separator (SEP7), which separates methanol from the residual gases. The
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bottom stream (5118) contains the desired product, while the residual gases are subjected
to a purge (SPLIT1) before being recirculated into the process (5112) to participate in the
reaction again.

2.2. Economic Feasibility Analysis

The financial investment required to implement the facilities from the analyzed sce-
nario was assessed using the Aspen Process Economic Analyzer (APEA), an integrated
supplement to Aspen Plus that allows users to map, size, and estimate equipment costs
directly from process simulators. This tool is based on estimates obtained from models to
evaluate the capital and operational costs of the project, providing valuable information for
comparing and selecting various process options.

Considering that the methanol production process simulation utilized some blocks
merely as representatives, an additional methodology also had to be applied. The work
conducted by Moura et al. (2023) [29] was considered for such equipment. Given the
similarity of the process involved with this study, the equipment cost estimates were
determined by applying the six-tenths rule [30], used to estimate acquisition costs based on
the proportionality between equipment capacities, as shown in Equation (9).

0.6
Co=Cp @) )

In this equation, C represents the cost for a given equipment capacity P. Furthermore,
it should be noted that the values used in this study are expressed in the Brazilian Real
(R$), obtained after conversion using exchange rates of 5.66 for the US Dollar (US$) and
6.12 for the Euro (£), valid as of July 2024 [31].

Additionally, the economic evaluation methodology proposed by Peters and Tim-
merhaus (2003) [31] was applied to estimate indirect expenses, with the assumption that
the acquisition of piping and auxiliary systems corresponds to 32% of the equipment
cost [8]. In this analysis, the capital expenditure (CAPEX) covers the costs of acquiring and
installing equipment and facilities, including indirect expenses such as legal fees, safety
measures, and contingencies. On the other hand, operational expenditure (OPEX) includes
the ongoing costs required for the plant’s daily operations, encompassing direct production
costs such as labor, utilities, and raw materials.

It is worth noting that the equipment dimensions were estimated based on the oper-
ating conditions and utility requirements of the proposed plant, which was designed to
operate for 300 working days per year (equivalent to 7200 h-year~!), a standard period
typically considered when evaluating new plants [32].

As mentioned earlier, conducting the economic analysis requires both CAPEX and
OPEX values, which can be determined and related by converting CAPEX into an Equiv-
alent Annual Capital Cost (EACC). This approach distributes the capital costs across the
operational lifespan of the plant to represent an annual cost, as defined by Equation (10).

i(1+14)"

EACC = CAPEX - —— 1)
(1+4i)" -1

(10)

In this equation, n represents the estimated plant lifespan and i is the investment
interest rate, which was assumed to be 10 years and 10.5% per annum (based on the current
Brazilian interest rate of return (IRR)), respectively, in the base case.

Additionally, in process synthesis and investment project evaluation, the Net Present
Value (NPV) is frequently used as a financial indicator [33]. The Gross Operating Margin
(GOM) is also employed for its calculation. It assesses cash flow based on annual gross
profits and operating expenses, such as OPEX and utilities, as shown in Equation (11). For
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the scenario under consideration, the NPV, as presented in Equation (12), was used to
evaluate the process feasibility. Moreover, the payback period was determined, considering
adjustments for the interest rate, which indicates the time required to achieve a positive

cash flow.
GOM; = Gross profit — Copex /utilities (11)
NPV =Y GOM, — E‘:‘CC“ (12)
= (141)

In order to verify the sensitivity of the process’s economic viability, different economic
scenarios were evaluated, varying the IRR to 8.5%, 10.5%, and 12.5%, and the reactant
prices (EO and CO,) in £10%. The NPV profile for all scenarios assessed was plotted, and
the influence of market fluctuations can be assessed.

2.3. CO, Emissions Assessment

Since one of the objectives of this study is to evaluate a CO, utilization process that is
also environmentally viable, the process’s net CO, emission (CO», net) is one of the criteria
that can be analyzed (Bonfim-Rocha et al., 2018) [33]. This net balance can be assessed
using Equation (13).

COZ.Net = ZCO2,stream + ZCOZ,utilities - ZCOZ.consumption (13)

In this equation, COy giream refers to the CO, flows emitted in the output streams,
which were not converted and were purged from the process and vent to the atmosphere
(e.g., streams S010, S017, 5020, S113, and S119); CO, ytilities refers to the CO, generated
when utility is consumed (i.e., low-pressure steam, high pressure steam, and electricity,
among others), which is estimated by Aspen Plus in the Energy Analysis supplement; and
CO2 consumption refers to the amount of CO, consumed from streams fed into the process or
contained in the syngas produced (i.e., 5002, S117). At the same time, CO; net represents
the net emissions value.

When the value obtained is negative, the amount of CO; the process utilizes exceeds
the amount generated, indicating a net gas reduction. On the other hand, if the net
emissions are positive, they should be compared to existing conventional processes, as
both would emit more CO, than they consume. It is important to emphasize that, beyond
direct emissions, it is crucial to consider the indirect contributions of all material and
utility streams entering and leaving the process, such as those associated with heat and
energy generation.

3. Results and Discussion
3.1. Technical Performance of the Process

The results and the sensitivity and optimization analyses were obtained after the
process simulation converged. Table 4 details the main currents.

The resulting physical properties—phase, temperature, and pressure—were consistent,
demonstrating the technical feasibility of the process, as the conditions of the streams and
the equipment involved are not overly complex. The conversion and purity of the DMC
obtained were 78.06% and 96.80%, respectively, values close to those reported in previously
cited studies. Furthermore, when comparing the molar quantities to those studies, there
is potential for even greater production, especially in Brazil, considering the abundance
of raw materials available in sugarcane ethanol plants and the growing interest in DMC,
which proves to be a promising product.
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Table 4. Characteristics of the currents after the convergence of the simulation.
S008 S009 S014 S021 S109 S114 S118
Phase Steam Steam Liquid Liquid Steam Steam Liquid.
Temperature 77 150 30 71 800 220 72
Pressure 39 25 1.5 0.6 1 100 50
Fl(.)w 4403 4403 14,875 2634 17,347 43,977 10,690
Weight
Mass
Fraction
CO, 0.5 0.016 0.079 0 0.123 0.404 0.107
EO 0.5 0.016 0.001 0.001 - - -
EC 0 0.968 0.154 0 - - -
MeOH 0 0 0.480 0.031 0 0.252 0.887
EG 0 0 0.062 0 - - -
DMC 0 0 0.224 0.968 - - -
H,O - - - - 0.058 0 0.001
CcO - - - - 0.751 0.337 0.005
H, - - - - 0.068 0.008 0

Additionally, the simulation enabled a sensitivity analysis of the separation system
responsible for purifying EG and DMC, corresponding to separators SEP3 and SEP4,
respectively, to evaluate the energy consumption of these units in relation to the purity of
each product. As such, the molar reflux ratio (RR) required in these distillation columns was
considered, along with the condenser and reboiler heat duties for each. Figure 4 presents
the variations in the molar fractions of EG and DMC in their main output streams (5021
and S017) and the associated heat duties as a function of RR.

1.00
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< 1500 Joot 5
E ] 1092 &

@ 3 1000 1090 3
g ] 0.88 2.
g 5004 1086 &
g 1
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Figure 4. Analysis of the purity of the streams with main products as a function of the reflux ratio of
the distillation columns SEP3 (a) and SEP4 (b).

Initially, it is observed that, in both cases, the reflux ratio (RR) is directly proportional to
the fraction of DMC and EG in the streams and to the energy demand in the condensers and
reboilers. This occurs because the RR is related to the amount of saturated liquid returning
to the top of the column after condensation, aiming to retain the heavier compounds present
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in the vapor phase, thereby aiding in the purification of both the distillate and bottom
streams, especially when the less volatile component is the desired product in the liquid
phase exiting the column.

Another relevant point is the impact of the RR value on the different columns, which
leads to higher energy consumption. For the separation of the mixture containing DMC,
which, after the initial separation (SEP2), consists predominantly of DMC and methanol,
more complex operating conditions are required due to the close boiling points of these
compounds at the pressure used in the column, compared to the other stream, which
mainly consists of EC and EG.

Finally, when specifically analyzing the purity of DMC, it is noted that it could exceed
the value obtained in the simulation, which utilized an RR of 15 for this column. However,
this increase in purity must be weighed against the higher energy consumption required,
considering the economic feasibility when comparing the value of a purer product to the
cost of utilities. It is also necessary to assess whether a higher purity fraction is required by
regulations or by subsequent process demands.

However, the transition from simulation-based evaluation to industrial-scale imple-
mentation requires the consideration of several key factors. One of the primary challenges
is ensuring process stability and energy efficiency at large scales, particularly in maintaining
optimal reaction conditions while minimizing operational costs. Separation and purifica-
tion challenges also play a critical role in the industrial feasibility of DMC production. As
highlighted by Kongpanna et al. (2015) [27], the presence of azeotropic mixtures between
DMC and methanol complicates downstream separation, increasing energy consumption
and requiring advanced distillation techniques or hybrid separation methods.

3.2. Economic Results

The simulation also allowed us to verify the economic viability of the DMC production
process using methanol synthesized in an adjunct system, providing conditions for sizing
equipment, demand for inputs, and utilities. Initially, it was possible to stipulate the
investment required to acquire equipment, which is part of the CAPEX. Such equipment
and their respective costs, in millions (MM), are presented in Table 5, which also includes
the total investment.

Table 5. Investment in the acquisition of equipment for the implementation of the process.

Equipment Total Price (MM R$)
Reactor 12.39
Separators 20.25
Gasifier 7.29
Compressors 25.21
Heat Exchange 6.54
Accessories 22.94
Investment 94.62

With the acquisition cost of the components, it is possible, following the aforemen-
tioned methodology (Peters and Timmerhaus, 2003) [30], to also calculate the total invest-
ment (CAPEX), which is presented in Table 6, together with its annualized value following
Equation (10).

At a later stage, based on the quantity of raw material consumed and other operating
expenses, also calculated according to the above methods, it was possible to find the
operating expenses per year, compiled in Table 7. The reference for costs, when necessary,
is also presented.
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Table 6. Total investment (CAPEX) and its annualized value.

Cost Total Price (MM RS$)
Acquisition of equipment and accessories (85% do CAPEX) 94.62
Engineering and Supervision (5% do CAPEX) 5.57
Contingency (5% do CAPEX) 5.57
Construction expenses and contracting fees (4% do CAPEX) 4.45
Legal expenses (1% do CAPEX) 1.11
Total investment (CAPEX) 111.32
Annualized CAPEX (MM R$-year!) 18.51
Table 7. Operating costs (OPEX) per year.
Cost Unit Price Total Price (MM R$) References
Raw material - 118.31 -
CO, 0.174 R$-kg ! 2.76 [15]
EO 6.342 R$-kg ! 100.57 [15]
Biomass (bagasse) 0.057 R$~l<g*1 14.98 [29]
Laboratory operating costs
(including supervision, administrative work, - 8.04 APEA,; [31]
and fees)
Miscellaneous operating costs (maintenance, 2% do CAPEX 2923 31
repairs, etc.) °do ' (311
Indirect costs (laboratory materials, 50% laboratory costs and 513 [31]
maintenance, etc.) miscellaneous operating costs ' i
Utilities - 100.79 -
Cooling water 0.179-R$-m—3 1.36 APEA
Electricity 0.438 R$-kw 1 36.02 APEA
Water vapor 0.102 R$-kg ! 62.85 APEA
Refrigerant fluid (ethane) 0.0002 R?B-kg*1 0.56 APEA
Interest rate 5% do CAPEX 5.57 [31]
Depreciation 10% of the cost of acquiring 9.46 [15]
the equipment
Insurance and taxes 5% of the CAPEX 5.57 [31]
Research and development 5% of the OPEX 15.02 [31]
Administrative costs 5% of the OPEX 15.02 [31]
Distribution and marketing 5% of the OPEX 15.02 [31]
Total operating costs (OPEX) - 300.16 -

Finally, to assess the economic viability of the process, it was also necessary to list

its revenue, which is obtained by selling the products and by-products generated in the

process. For the scenario studied, the methanol recovered in the DMC production process

was considered a marketable product, not reinserting it into the system. Therefore, Table 8

presents the revenue obtained by each product and the total, which corresponds to the

Gross Profit shown in Equation (11). The references used to obtain the prices are also

shown; however, the price charged will consider the purity of the product in question in

the output streams.

Table 8. Total revenue by year.

Product Unit Price (Ml\}[{ ‘I?:;-;::rfl) References
DMC 5.02 R$-kg ! 95.28 (8]
EG 3.63 R$-kg ™! 65.31 [8]
EC 6.84 R$-kg ! 40.46 [8]
Methanol 2.37 R$-kg ! 123.72 [8]
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With the CAPEX, OPEX, and revenue values obtained, it was possible to find the
financial indicators to assess the project’s viability, the NPV, and the discounted payback,
which considers the interest rate adjustment in future years. These results, including the
behavior of the sensitivity analysis purposed for the economic assessment, can be observed
in Figure 5.

@ R$60.00

R$40.00 S

R$20.00 S

/

8 9 10
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R$0.00

R$-20.00 -
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R$-40.00 -

R$-60.00 -

Cash flow

R$-80.00

——IRR 8.5%

| Base Case (IRR 10.5%)
R$-120.00 —&—IRR 12.5%

() R$60.00 -

R$-100.00 -

R$40.00
R$20.00 +

R$0.00

8 9 10

R$-20.00 _ Period (years)

R$-40.00

R$-60.00 -

Cash flow (millions of R$)

R$-80.00

—e—CO,-10% | EO -10%

R$-100.00 - Base Case (CO, 0.174 R$ekg | EO 6.342R$ekg’

—e—CO, +10% | EO +10%

R$-120.00 +

Figure 5. (a) Return on investment sensitivity analysis for the interest rate adjustment; (b) return on
investment sensitivity analysis for the raw materials prices.

In these figures, year 0 corresponds to the start of the plant operation, and the initial
negative values describe the plant construction costs. For the base case, the final economic
outcome obtained was positive and viable, considering that the project paid for itself within
the estimated lifespan of the plant and resulted in an NPV of approximately R$36.7 million
at the end of the projected 10 years, with a payback of 6.47 years. The recovery and
commercialization of excess methanol contributed to a positive cash flow starting in the
second half of the sixth year, accelerating the recovery of the initial investment and yielding
a positive net present value. However, considering the sensitivity analysis, Figure 5a shows
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that the results of the economic analyses varying the IRR are more sensitive and significant
than the results of changes in raw material prices (Figure 5b). In both analyses, the plant
makes a valuable profit between MMR$20 and MMR$50 at the end of its lifetime, indicating
that small market fluctuations in the stipulated range can double the return on investment.
Also, in Figure 5, it is noted that for a plant lifetime of 10 years, all economic scenarios
evaluated are economically feasible, with payback times ranging from 6 to 7 years.

For comparison purposes, a similar study conducted by Kontou et al. (2021) [15] can
be evaluated, in which the authors assessed DMC production via the same synthetic route,
but with methanol obtained commercially and reused after its passage through the reactor.
The economic results reported included a shorter payback period of 2.69 years and a signif-
icantly higher NPV of R$977.85 million over a 20-year plant lifespan. These results indicate
that, from an economic standpoint, the integration of methanol production within the plant
was not advantageous, as the specific CAPEX and OPEX (in terms of hourly DMC produc-
tion) in the current study were R$42.26 MM:(t/h)~! and R$113.95 MM (t/ h)-1, respectively,
compared to R$22.03 MM/ (t/h) and R$65.87 MM.-(t/h)~! reported in the literature.

The contributions of the integrated methanol synthesis process to the elevated CAPEX
and OPEX values are noteworthy. The equipment for this process accounts for approxi-
mately 41% of the total equipment acquisition cost, with particular emphasis on the gasifier
and the reactor for methanol production, which together amount to R$16.9 million. Ad-
ditionally, operational costs associated with electricity for methanol production are more
than 10 times higher than for the DMC production process, indirectly impacting other
operational expenses.

Another important factor influencing the economic feasibility of the process is its
integration into existing industrial facilities. Given the significant contribution of methanol
synthesis to CAPEX and OPEX, strategies such as heat recovery, raw material recycling,
and energy efficiency improvements become essential to offset costs and enhance prof-
itability. In particular, the high electricity consumption of methanol production, which
indirectly increases operational expenses, could be mitigated through process integration
with cogeneration systems or renewable energy sources. Additionally, optimizing reactor
configurations and separation processes with a focus on economic efficiency could reduce
the impact of equipment-related costs, while maintaining high selectivity and minimizing
catalyst deactivation. These factors must be carefully considered to improve the economic
competitiveness of the integrated production route compared to conventional alternatives.

3.3. CO, Emissions Resulting from Net Balance

To evaluate the processes from an environmental point of view, Table 9 presents the
CO; input and output flows for both, considering the criteria listed in Equation (13) to
obtain the net value of gas emissions.

Table 9. Net value of CO, emissions from process integration.

DMC Process Methanol Process Total

CO; consumption (MMtvyearfl) 24.31 - 24.31

CO; emissions through outflows (MMt-yearfl) 8.98 51.77 60.75
CO, emissions for utility generation (MMt-year~!) 1.98 26.29 28.27
Net emissions value (MMt-yearfl) —13.35 78.06 64.71

The CO, emissions balance revealed net values of —13.35 MMt-year! for DMC
and 78.06 MMt-year ! for methanol, resulting in a total of 64.71 MMt-year~!, which
corresponds to a specific generation of 3.41 kgCO,-(kgDMC) 1. These results indicate that
the methanol production process negatively impacted the environmental profile of the
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integrated process, as net emissions became positive primarily due to the high electricity
consumption required for methanol production.

When comparing these results with the literature, a significant disparity is observed.
Kontou et al. (2021) [15] reported a specific emission of 0.49 kgCOz-(ngMC)’l, while
Kongpanna et al. (2014) [27] reported 0.45 kgCOz-(ngMC)_l. Both studies considered
DMC production using commercially acquired methanol, contributing to significantly lower
emissions than the process analyzed in this study. Thus, without considering the complete
product lifecycle, it is evident that integration was not environmentally advantageous in
the current configuration of the synthetic routes for DMC and methanol.

4. Conclusions

The present study assessed the technical, economic, and environmental feasibility of
DMC and methanol’s integrated production from sugarcane industries” biomass gasifi-
cation, contributing to the broader discussion on sustainable chemical production. The
proposed integration, which reuses CO, captured from the fermentation process and uses
sugarcane bagasse as feedstock, demonstrated promising technical results, with product
conversions and purities close to the values reported in the literature. Economic feasibility
was also confirmed, with an NPV of approximately R$36.7 million at the end of 10 years,
indicating potential financial feasibility under certain conditions. Also, compared to other
existing routes, the EC-based synthesis shows lower net CO, emissions (0.452 kg CO, /kg
DMC) than the Bayer process (0.522 kg CO,/kg DMC) and urea route (2.938 kg CO, /kg
DMC). Additionally, its energy consumption (9.13 MJ /kg DMC) is significantly lower than
alternatives such as the urea route (59.36 MJ/kg DMC) [27].

However, despite these environmental advantages, the integration of methanol pro-
duction from biomass introduces economic challenges, increasing CAPEX and OPEX,
especially due to the high energy consumption of the reformer and gasifier. Then, a com-
parative analysis with other studies revealed that, while technically feasible, the integration
within the plant was not economically advantageous. The high CAPEX and OPEX, primar-
ily due to the cost of equipment for methanol production, contributed to a lower financial
return than alternative routes that utilize commercially acquired methanol. Furthermore,
the integration proved environmentally unfavorable, with net CO, emissions exceeding
those reported in studies that exclude alcohol synthesis. The high electricity consumption
for methanol production negatively impacted the environmental profile of the process,
resulting in specific emissions of 3.41 kgCO,-(kgDMC) L.

These findings suggest that although the integrated route offers advantages regarding
waste utilization and CO; capture, its competitiveness is strongly influenced by capital
costs, energy efficiency, and process integration strategies. Future research should focus on
optimizing energy consumption, exploring alternative feedstocks, and improving methanol
synthesis efficiency to enhance the overall sustainability of this production route. Expand-
ing the analysis to different energy sources and regional economic conditions could further
refine the assessment of its viability in various industrial contexts.
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